ABSTRACT The 5' terminus of each nascent daughter strand of adenovirus DNA replicated in vitro is covalently linked to a protein with an apparent M, of 80,000. This protein may represent a precursor to the 55,000-dalton protein known to be linked to the 5' ends of mature adenovirus DNA strands. Partial proteolysis experiments indicate that the 80,000-dalton and 55,000-dalton proteins are Structurally related. Furthermore, both proteins are attached to DNA by the same linkage: a phospihodiester bond betweep the -OH of a serine residue in the protein and the 5'-OH of the terminal deoxycytidine residue of the DNA. The role of the 80,000-dalton protein in adenovirus DNA replication is not yet clear, although one reasonable possibility is that it serves as the primer for daughter strand synthesis.
both proteins are attached to DNA by the same linkage: a phospihodiester bond betweep the -OH of a serine residue in the protein and the 5'-OH of the terminal deoxycytidine residue of the DNA. The role of the 80,000-dalton protein in adenovirus DNA replication is not yet clear, although one reasonable possibility is that it serves as the primer for daughter strand synthesis.
The adenovirus genome is a linear duplex DNA molecule containing about 35,000 base pairs (1) . In the past several years, a good deal of information has accumulated concerning the general mechanism of adenovirus DNA replication (2, 3) . Initiation of replication takes place at or near either end of the viral genome. After initiation, a daughter strand is synthesized in the 5'-to-3' direction with concomitant displacement of the parental strand of the same polarity. Synthesis of the complementary daughter strand is initiated at or near the 3' end of the displaced parental strand and also proceeds in the 5'-to-3' direction.
Because the adenovirus genome is linear, a special mechanism is required for the synthesis of the sequences at the 5' terminus of each strand. This is a consequence of the known enzymatic properties of DNA polymerases. All such enzymes require a primer to initiate synthesis, and all catalyze chain elongation exclusively in the 5'-to-3' direction (4) . Rekosh et al. (5) have proposed that a protein serves as a primer for DNA synthesis at the extreme 5' ends of adenovirus DNA strands. This model is largely based upon the finding that the 5' termini of adenovirus DNA molecules isolated from purified virions are covalently attached to a protein with a Mr of 55,000 (5, 6) . Several experiments suggesting that a protein may be attached to the ends of replicative intermediates in vivo are also consistent with this hypothesis (7) (8) (9) (10) (11) .
We have recently described an in vitro system that replicates exogenously added adenovirus DNA by a mechanism that closely resembles the mechanism observed in vivo (12, 13) .
Using this system, we have detected and characterized a protein covalently bound to the nascent daughter strands of DNA replicated in vitro. Our data are consistent with a proteinpriming model for the initiation of adenovirus DNA replication.
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. present at a specific activity of 300-500 Ci/mmol (1 Ci = 3.7 X 1010 becquerels). The preparation of extract from the nuclei of adenovirus-infected HeLa cells has been described (12) . The DNAprotein complex for use as template was prepared as described (12) , except that 1 mM PhMeSO2F was included in all buffers. Reaction mixtures were incubated at 370C for 10 min.
For isolation of the in vitro product, DNA synthesis was terminated by the addition of 10 Ml of 0.4 M EDTA, 20 pl of 10% (wt/vol) NaDodSO4, and 2 jsl of 2-mercaptoethanol. After heating to 680C for 10 min, the radioactive DNA product was separated from small molecules and unbound proteins by passing the reaction mixture over a column (0.8 X 15 cm) of Sepharose 2B in 10 mM Tris.HCI, pH 8/50 mM NaCl/l mM EDTA/1 mM PhMeSO2F/0.1% NaDodSO4. The radioactive material that eluted in the void volume was collected, concentrated by ethanol precipitation in the presence of 100 ,g of carrier tRNA, and dissolved in 20 Ml of 1 mM Tris'HCI, pH 8.6/0.1 mM EDTA/1 mM PhMeSO2F/10,ug of bovine serum albumin per ml. An identical procedure was used to isolate uniformly 32P-labeled DNA-protein complex from purified 32P-labeled virions for use as a marker.
Restriction Enzyme Digestions and Gel Electrophoresis. DNA samples were digested with the restriction enzyme Sma I in 20-,ul reaction mixtures containing 6'mM Tris-HCI (pH 8.0), 20 mM KCI, 6 mM MgCl2, 6 mM 2-mercaptoethanol, 1 (14) . The existence of this complex was inferred from the observation that the terminal restriction fragments of the in vitro product failed to enter a conventional agarose gel unless they were treated with a proteolytic enzyme. We have extended this observation by examining the behavior of the terminal restriction fragments in agarose gels containing NaDodSO4 (15) . Ad5 DNA was synthesized for 10 min in a standard in vitro reaction mixture containing [a-32P]dCTP. The radioactive in vitro product was isolated by gel filtration and digested to completion with Sma I restriction enzyme. The resulting fragments were separated by NaDodSO4/agarose gel electrophoresis (Fig 1, lane 2 Further support for this conclusion is presented below. The obvious possibility that the difference between the two proteins is a result of modification during incubation in infected-cell extracts was excluded by the appropriate control experiment (lane 3).
To determine whether the protein is associated with the newly synthesized daughter strand, we analyzed the separated strands of the terminal Sma I restriction fragments. DNA synthesized in vitro for 10 min was cleaved with Sma I, and the radioactive terminal fragments were eluted from an agarose gel identical to that shown in Fig. 1 . After denaturation in alkali, the two strands of each fragment were separated by agarose gel electrophoresis (Fig. 2) . When the DNA samples were deproteinized by digestion with Pronase prior to electrophoresis, a single radioactive strand was recovered from each terminal 3 plus Pronase. In the case of fragment K, the 1 strand migrates faster than the r strand; in the case of fragment L, the r strand migrates faster than the 1 strand (unpublished results).
Proc. Nati. Acad. Sci. USA 77 (1980) Proc. Natl. Acad. Sci. USA 77 (1980) 5107 fragment: the I strand of fragment K (left terminus) or the r strand of fragment L (right terminus) (lane 2). The observed asymmetry in radioactive labeling of the two strands at each end of the genome is a consequence of the fact that all daughter strands are synthesized from their 5'-termini toward their 3'-termini (13) . Without prior deproteinization little or no radioactive DNA entered the gel (lane 1). We conclude that protein is bound at or near the 5' terminus of each nascent daughter strand of the in vitro product. B. Stillman (personal communication) has also detected protein bound to the nascent strands of adenovirus DNA replicated in vitro.
Determination of the Size of the Protein Linked to Nascent DNA. An estimate of the Mr of the protein bound to the ends of daughter strands of adenovirus DNA replicated in vitro was obtained by NaDodSO4/polyacrylamide gel electrophoresis. The Ad5 DNA product, synthesized in a standard reaction mixture containing [a-MPldCTP, was isolated and cleaved with the Sma I endonuclease. The two terminal restriction fragments were isolated by agarose gel electrophoresis and exhaustively digested with DNase I and exonuclease I to remove the bulk of the DNA attached to the protein. The material that remained acid-insoluble after nuclease treatment was then analyzed by NaDodSO4/polyacrylamide gel electrophoresis. DNA-protein complex from purified 32P-labeled AdS virions was carried through the same procedure in parallel. The results of this experiment are shown in Fig. 3 (19) . As shown in Fig. 4 A and B, the Hha73 fragments did not migrate into the gel as discrete bands unless they were treated with a proteolytic enzyme (lane 1), indicating that they are linked to the 80,000-dalton protein. In samples digested to completion with Pronase (lane 5), a single Hha73 band was observed. This band comigrated with the Pronase-treated Hha73 band of Ad5 DNA-protein complex isolated from virions. In samples that were partially digested with chymotrypsin, a characteristic spectrum of bands was observed (lanes 2-4). We interpret these bands as representing Hha73 fragments attached to peptides of varying sizes. At every concentration of chymotrypsin tested, the pattern of Hha73 bands from Ads DNA replicated in vitro was identical to that from Ad5 DNA-protein complex isolated from virions. The two DNA preparations also yielded identical Hha73 bands when digested with trypsin (Fig. 4C) . The major tryptic product did not comigrate with any of the chymotryptic bands. These results strongly suggest that the 80,000-dalton protein attached to nascent strands is structurally related to the 55,000-dalton terminal protein attached to mature adenovirus DNA.
Analysis of the Linkage Between the 80,000-dalton Protein and Nascent DNA. We have demonstrated that each strand of mature adenovirus DNA is linked to the 55,000-dalton terminal protein by a phosphodiester bond between the 5'-OH of the terminal deoxycytidine residue and the 3-OH of a serine residue (20). To determine whether the same linkage is formed between the 80,000-dalton protein and the nascent daughter strands of AdS DNA replicated in vitro, we carried out the following isotope transfer experiment. Ad5 DNA was synthesized for 10 min in vitro in four separate standard reaction mixtures, each containing one deoxyribonucleoside [a-32p]-triphosphate and three unlabeled triphosphates. The terminal Hha73 restriction fragments of each labeled DNA product were isolated and subjected to partial acid hydrolysis in 5.6 M HCI for 2 hr at 1100C. The hydrolysates were then fractionated in two dimensions on cellulose thin-layer plates. We have previously shown that in the case of DNA-protein complex from Ad5 virions, this procedure degrades the DNA and liberates free O-phosphoserine derived from the protein-DNA linkage. In the present case, a radioactive spot comigrating with authentic O-phosphoserine was recovered from both terminal restriction fragments of DNA synthesized in the presence of [a-32P]dCTP (Fig. 5) Each DNA sample was digested with the Hha I restriction enzyme for 1 hr at 370C in a reaction mixture (25 jAl) containing 50 mM NaCl, 6 mM Tris-HCl (pH 7.5), 6 mM MgCl2, 6 mM 2-mercaptoethanol, 40 jug of albumin per ml, and 3 units of enzyme. Digestion was stopped by the addition of EDTA to 25 mM. Aliquots of each sample were incubated with protease as indicated below at 370C for 1 hr. After the addition of NaDodSO4 to 1% and sucrose to 10%1, the DNA in each aliquot was electrophoresed through a 10%o polyacrylamide gel in 10 mM Tris-borate, pH 8.3/2 mM EDTA/0.1% NaDodSO4. The gel was dried and radioactive bands were located by autoradiography. The dark band at the top of A and C is an internal Hha I fragment (Hha 114). (A) Digest of Sma I K fragment. Lane Fig. 6 will clearly depend upon obtaining direct evidence that formation of the protein-nucleotide linkage precedes chain elongation and that it is an obligatory event in the initiation of new DNA chains.
